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Septoria blotch of wheat is one of the worldã s most serious plant diseases, which is difﬁcult to control
due to the absence of durable host resistance and the increasing frequency of fungicide-resistance. The
ascomycete fungus that causes the disease, Zymoseptoria tritici, has been very challenging to study.
This special issue of Fungal Genetics and Biology showcases an integrated approach to method develop-
ment and the innovation of new molecular tools to study the biology of Z. tritici. When considered
together, these new methods will have a rapid and dramatic effect on our ability to combat this signiﬁ-
cant disease.
 2016 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
This special issue of Fungal Genetics and Biology describes a com-
prehensive effort to develop methods and expertise to tackle one of
the worldã s most serious fungal diseases of wheat. The series of
papers within this issue are designed to provide a resource for a
new generation of plant pathologists who we hope will be inspired
to investigate the biology of Septoria blotch of wheat and develop
new and durable disease control strategies.
Wheat is the worldã smost widely cultivated crop and is respon-
sible for providing about a quarter of the calories to humankind.
Global wheat production was more than 700 million tons in 2013,
with the European Union and China producing the largest harvests,
and wheat being cultivated across most of the temperate regions of
the planet (Gurr and Fones, 2015; Rudd et al., 2015). As well as
being the most widely grown crop, wheat is also the most traded
food on the international markets ã indeed more wheat is traded
than all other crops combined. Along with rice and maize, wheat
production is therefore critical to global food security. There are
many threats to wheat productivity, including the availability of
high quality land for cultivation, which is threatened by urbanisa-
tion, the sustainable use of fertilisers, which are used in enormous
quantities, especially in Europe, and the prevalence of diseases.
Wheat diseases, such as Septoria blotch, provide an ever-present
threat to wheat production and if they could be controlled effec-
tively, would provide amuch-needed boost to productivity that will
be required to satisfy increasing global demand for food in the next
two decades (Courbot et al., 2015; Gurr and Fones, 2015; Hane et al.,
2015; Torriani et al., 2015).What then are the essential pre-requisites to allow us rapidly to
understand the biology of Zymoseptoria tritici? What requirements
are necessary to allow a fungal pathogen to be regarded as a model
system (Perez-Nadales et al., 2014) and for new insights into the
underlying mechanisms of infection and virulence to be under-
stood? The last 20 years have seen pathogens, such as the corn
smut fungus Ustilago maydis and the rice blast fungus
Magnaporthe oryzae, for example, emerge as model systems
(Dean et al., 2012). In both cases, this required the development
of many tools, which took many years. It is by considering these
issues that this collection of reviews and primary publications
has been put together.2. Taming a beast ã where to begin?
Arguably, the ﬁrst pre-requisite to being able to investigate any
disease is a comprehensive description of the life cycle of the
organism and the spatial and temporal dynamics of the infection
process. For Z. tritici this means a cell biological investigation of
what happens from the moment a spore germinates on the leaf
surface, to its location of a stoma and invasion of underlying leaf
tissue. Using live cell imaging approaches, facilitated by the tools
generated and described elsewhere in this special issue, the cell
biology of infection is addressed, with an emphasis on the develop-
mental biology of the fungus, its dimorphic growth habit, its ability
to perceive and respond to the leaf surface, and its ability to under-
take developmental transitions during its establishment of a wheat
infection (Steinberg, 2015). Without a ã road-mapã of how an
infection proceeds, it is difﬁcult to identify points of disease inter-
vention or to understand how any single gene product, or family of
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disease.
The next essential pre-requisite for the model pathogen tool-kit
is the ability to test the function of any gene. Without an ability to
construct mutants, it is hard to carry out any reverse genetic
approach to test the importance of any selected biological process.
Therefore, a high frequency transformation system is essential,
with a ready supply of selectable marker genes to allow multiple
constructs to be expressed, and the ability to carry out targeted
mutations (Kilaru and Steinberg, in 2015; Kilaru et al., 2015a;
Schuster et al., 2015a,b; Mehrabi et al., 2015). The latter can be dra-
matically improved by development of a strain of Z. tritici in which
the non-homologous DNA end-joining pathway is impaired (Sidhu
et al., 2015a,b). This provides the means to generate targeted gene
replacement mutants at very high frequency. Coupled to this, it
would be advantageous to have a means by which the function
of a gene could be attenuated but without complete loss of func-
tion, such as virus-induced gene silencing, and the ability to regu-
late genes driven by a set of highly controllable promoters by
which gene expression can be predictably controlled (Kilaru
et al., 2015c; Lebrun et al., 2015; Lee et al., 2015). The latter will
also provide the means to over-express, or mis-time the expression
of a given gene to tests its function, or requirement (Cairns et al.,
2015).
Next, a means by which gene products can be localised using
expression of ﬂuorescently-labelled fusion proteins is essential,
preferably with optimised ﬂuorescent markers, calibrated and
tested for the pathogen and in amenable vectors, with easy cloning
strategies for ready construction (Kilaru et al., 2015c; Mehrabi
et al., 2015; Schuster et al., 2015a; Sidhu et al., 2015a,b). This pro-
vides the means to carry out live cell imaging of a pathogen under-
going infection and directly observing the position, fate and
turnover of a gene product, which is absolutely pivotal to under-
standing its function. But this will make no sense without some
context, so having the ability to unequivocally identify organelles,
such as nuclei, ER, Golgi bodies, peroxisomes, and mitochondria is
essential (Schuster et al., this 2015b; Kilaru et al., 2015b; Guo et al.,
2015a,b). Also, to understand intracellular trafﬁcking it is neces-
sary to be able to identify and track the movement of endosomes,
secretory vesicles and the associated components of the actin and
microtubule cytoskeleton and their corresponding motor proteins,
so that the transport of proteins and the regulation of such pro-
cesses can be studied (Guo et al., 2015a,b; Kilaru et al., 2015c;
Schuster et al., 2015b). When considered together, these tools will
therefore allow rapid elucidation of gene function in Z. tritici, as
rapidly as in any fungal pathogen studied today.3. Taming the pathosystem
So far, of course, we have only considered addressing the func-
tions of individual genes as opposed to gene families and the func-
tion of the whole genome and the corresponding,
context-dependent proteomes that are expressed during patho-
genesis. To address these requires ﬁrst of all a detailed understand-
ing of the genome (Goodwin et al., 2011; Testa et al., 2015) and its
inherent, strain-to-strain variation, and how this correlated with
pathotype. Understanding the role, for example, of accessory, or
supernumerary chromosomes, as opposed to the core, invariant
gene repertoire of the genome will be key (McDonald et al.,
2015). An ability to analyse global patterns of gene expression, pro-
teomic and metabolomics data sets during infection, will also be
necessary so that the total expressed proteome can be deﬁned
and sub-sets associated with the effector repertoire of the patho-
gen, proteins required for symptom development and those neces-
sary for fungal proliferation can be readily classiﬁed, deﬁne andthen functionally analysed (Ben MãBarek et al., 2015a,b).
Methods to deﬁne transcriptional networks by chromatin
immuno-precipitation coupled to next generation sequencing to
deﬁne targets genes downstream of transcription factors, will also
allow networks of gene expression to be distinguished readily
(Soyer et al., 2015). The ability to then deﬁne proteinãprotein
interactions between fungal proteins, but also between fungal pro-
teins that act upon host plant proteins, is also essential, with the
ready availability of yeast two-hybrid libraries and associated
bespoke protocols to Z. tritici (Ma et al., 2015)
Finally, of course we need to consider the plant host and within
this context, transgenic wheat lines expressing organelle-speciﬁc
markers are already available and being constructed to augment
host-pathogen cell biological analysis, while detailed analysis of
sources of resistance can guide plant breeding strategies such that
durable combinations of resistance genes can be identiﬁed and
introduced into elite, high yielding commercial wheat cultivars
(Brown et al., 2015). With wider knowledge of the fungal pathogen
population and prevailing virulence speciﬁcities, should some the
ability to breed for exclusion of the most prevalent, prevailing
pathotypes of the fungus (Vallet et al., 2015), providing a direct
route to disease control at least in the medium term.
4. From tools to understanding
The new methods and resources presented in this special issue
mean that the Z. tritici research community now has, arguably, the
same level of research tools as any fungal model system. This is
remarkable, because it has happened in a very short period of time
in response to an acute need, articulated by growers and the agri-
cultural biotechnology industry. An integrated programme has
been funded and undertaken to carry out this method develop-
ment and to begin to apply the newly acquired expertise to under-
standing this disease. Many research questions immediately
present themselves. What is the purpose of the morphogenetic
plasticity exhibited by Z. tritici and how are these dimorphic tran-
sitions regulated? What is their role in virulence? How does the
fungus locate stomata and how is its subsequent growth regu-
lated? What conditions the latent phase of infection by Z. tritici?
How is the balance between biotrophic proliferation and disease
symptom expression determined? Which plant functions are tar-
geted by Z. tritici during plant infection? How is long-distance con-
trol of pathogenesis-associated gene expression achieved and how
does the fungus perceive and respond to the internal plant tissue
environment during infection? How is sporulation triggered and
correctly regulated? All of these questions can now be addressed
and the answers provided will result not only in many of the fungi-
cide targets of the future, but also perhaps to some longer-term
strategies for broad spectrum disease control. So, to those of you
reading this commentary who have never previously considered
studying Z. tritici, or perhaps not even considered studying a fungal
pathogen before, think of the obstacles that have just been
removed. It could be a lot of fun.
References
Ben MãBarek, S., Cordewener, J., Ghaffary, S.M.T., Lee, T.V.D., Liu, Z., Gohari, A.M.,
Mehrabi, R., America, A., Friesen, T.L., Hamza, S., Stergiopoulos, I., Wit, P.D.,
Kema, G.H.J., 2015. FPLC and liquid-chromatography mass spectrometry
identify candidate necrosis-inducing proteins from culture ﬁltrates of the
fungal wheat pathogen Zymoseptoria tritici. Fungal Genet Biol. 79, 54–62.
Brown, J., Chartain, L., Lasserre-Zuber, P., Saintenac, C., 2015. Genetics of resistance
to Zymoseptoria tritici and applications to wheat breeding Fungal Genet. Biol.
79, 33–41.
Cairns, T.C., Sidhu, Y.S., Chaudhari, Y.K., Studholme, D.J., Talbot, N.J., Haynes, K.,
2015. Construction and high-throughput phenotypic screening of Zymoseptoria
tritici over-expression strains. Fungal Genet. Biol. 79, 110–117.
N.J. Talbot / Fungal Genetics and Biology 79 (2015) 193–195 195Courbot, M., Mills, C., Melichar, J., Pain, N., Sierotzki, H., Torriani, S., 2015.
Zymoseptoria tritici: a major threat to wheat production, integrated
approaches to control. Fungal Genet. Biol. 79, 8–12.
Dean, R.A., Van Kan, J.A., Pretorius, Z.A., Hammond-Kosack, K.E., Di Pietro, A., Spanu,
P.D., Rudd, J.J., Dickman, M., Kahmann, R., Ellis, J., Foster, G.D., 2012. The top 10
fungal pathgens in molecular plant pathology. Mol. Plant Pathol. 13, 414–430.
Goodwin, S.B., MãBarek, S.B., Dhillon, B., Wittenberg, A.H., Crane, C.F., Hane, J.K.,
Foster, A.J., Van der Lee, T.A., Grimwood, J., Aerts, A., Antoniw, J., Bailey, A.,
Bluhm, B., Bowler, J., Bristow, J., van der Burgt, A., Canto-Canche, B., Churchill,
A.C., Conde-Ferraez, L., Cools, H.J., Coutinho, P.M., Csukai, M., Dehal, P., De Wit,
P., Donzelli, B., van de Geest, H.C., van Ham, R.C., Hammond-Kosack, K.E.,
Henrissat, B., Kilian, A., Kobayashi, A.K., Koopmann, E., Kourmpetis, Y., Kuzniar,
A., Lindquist, E., Lombard, V., Maliepaard, C., Martins, N., Mehrabi, R., Nap, J.P.,
Ponomarenko, A., Rudd, J.J., Salamov, A., Schmutz, J., Schouten, H.J., Shapiro, H.,
Stergiopoulos, I., Torriani, S.F., Tu, H., de Vries, R.P., Waalwijk, C., Ware, S.B.,
Wiebenga, A., Zwiers, L.H., Oliver, R.P., Grigoriev, I.V., Kema, G.H., 2011. Finished
genome of the fungal wheat pathogen Mycosphaerella graminicola reveals
dispensome structure, chromosome plasticity, and stealth pathogenesis. PLoS
Genet. 7, e1002070.
Guo, M., Kilaru, S., Schuster, M., Latz, M., Steinberg, G., 2015a. Fluorescent markers
for the SpitzenkûÑrper and exocytosis in Zymoseptoria tritici. Fungal Genet. Biol.
79, 158–165.
Guo, M., Kilaru, S., Latz, M., Schuster, M., Steinberg, G., 2015b. Fluorescent markers
of the endocytic pathway in Zymoseptoria tritici. Fungal Genet. Biol. 79, 150–
157.
Gurr, S.J., Fones, H., 2015. The impact of Septoria tritici Blotch disease on wheat: an
EU perspective. Fungal Genet. Biol. 79, 3–7.
Hane, J., Oliver, R., Testa, A., 2015. The impact of Septoria tritici Blotch disease on
wheat: an EU perspective. Fungal Genet. Biol. 79, 3–7.
Kilaru, S., Steinberg, G., 2015. Yeast recombination-based cloning as an efﬁcient way
of constructing vectors for Zymoseptoria tritici. Fungal Genet. Biol. 79, 76–83.
Kilaru, S., Schuster, M., Latz, M., Guo, M., Steinberg, G., 2015a. A codon-optimised
green ﬂuorescent protein for live cell imaging in Zymoseptoria tritici. Fungal
Genet. Biol. 79, 125–131.
Kilaru, S., Ma, W., Schuster, M., Courbot, M., Steinberg, G., 2015b. Conditional
promoters for analysis of essential genes in Zymoseptoria tritici. Fungal Genet.
Biol. 79, 166–173.
Kilaru, S., Schuster, M., Latz, M., Gupta, S.D., Steinberg, N., Fones, H., Gurr, S., Talbot,
N.J., Steinberg, G., 2015c. A gene locus for targeted ectopic gene integration in
Zymoseptoria tritici. Fungal Genet. Biol. 79, 118–124.
Lebrun, M.H., Marchegiani, E., Sidhu, Y., 2015. Conditional gene expression and
promoter replacement in Zymoseptoria tritici using fungal nitrate reductase
promoters. Fungal Genet. Biol. 79, 174–179.
Lee, W.S., Rudd, J.J., Kanyuka, K., 2015. Virus induced gene silencing (VIGS) for
functional analysis of wheat genes involved in Zymoseptoria tritici susceptibility
and resistance. Fungal Genet. Biol. 79, 84–88.
Ma, W., Kilaru, S., Collins, C., Courbot, M., Steinberg, G., 2015. Libraries for two-
hybrid screening of yeast and hyphal growth forms in Zymoseptoria tritici.
Fungal Genet. Biol. 79, 94–101.McDonald, M.C., Williams, A.H., Milgate, A., Pattemore, J.A., Solomon, P.S., Hane, J.,
2015. Next-generation re-sequencing as a tool for rapid bioinformatic screening
of presence and absence of genes and accessory chromosomes across isolates of
Zymoseptoria tritici. Fungal Genet. Biol. 79, 71–75.
Mehrabi, R., Gohari, A.M., da Silva, G.F., Steinberg, G., Kema, G.H.J., de Wit, P.J.G.M.,
2015. Flexible gateway constructs for functional analyses of genes in plant
pathogenic fungi. Fungal Genet. Biol. 79, 186–192.
Ben MãBarek, S., Cordewener, J., Lee, T.V.D., America, A., Gohari, A.M., Mehrabi, R.,
Hamza, S., Kema, Wit, Pr, P.D., Kerma, G.H.J., 2015. Proteome catalogue of
Zymoseptoria tritici proteins captured during pathogenesis in wheat. Fungal
Genet Biol. 79, 42–53.
Perez-Nadales, E., Nogueira, M.F., Baldin, C., Castanheira, S., El Ghalid, M., Grund, E.,
Lengeler, K., Marchegiani, E., Mehrotra, P.V., Moretti, M., Naik, V., Oses-Ruiz, M.,
Oskarsson, T., SchûÊfer, K., Wasserstrom, L., Brakhage, A.A., Gow, N.A.,
Kahmann, R., Lebrun, M.H., Perez-Martin, J., Di Pietro, A., Talbot, N.J., Toquin,
V., Walther, A., Wendland, J., 2014. Fungal model systems and the elucidation of
pathogenicity determinants. Fungal Genet. Biol. 70, 42–67.
Rudd, J.J., 2015. Previous bottlenecks and future solutions to dissecting the
Zymoseptoria tritici ã wheat host-pathogen interaction. Fungal Genet. Biol. 79,
24–28
Schuster, M., Kilaru, S., Guo, M., Sommerauer, M., Lin, C., Steinberg, G., 2015a. Red
ﬂuorescent proteins for imaging Zymoseptoria tritici during invasion of wheat.
Fungal Genet. Biol. 79, 132–140.
Schuster, M., Kilaru, S., Latz, M., Steinberg, G., 2015b. Fluorescent markers of the
microtubule cytoskeleton in Zymoseptoria tritici. Fungal Genet. Biol. 79, 141–
149.
Sidhu, Y.S., Cairns, T.C., Chaudhari, Y.K., Usher, J., Talbot, N.J., Studholme, D.J., Csukai,
M., Haynes, K., 2015. Exploitation of sulfonylurea resistance marker and non-
homologous end joining mutants for functional analysis in Zymoseptoria tritici.
Fungal Genet. Biol. 79, 102–109.
Sidhu, Y.S., Chaudhari, Y.K., Haynes, K., 2015. A suite of Gateway compatible ternary
expression vectors for functional analysis in Zymoseptoria tritici. Fungal Genet.
Biol. 79, 180–185.
Soyer, J., MûÑller, M., Schotanus, K., Lanelle, J., Galazka, M., Freitag, M., Stukenbrock,
E., 2015. Chromatin analyses of Zymoseptoria tritici: methods for chromatin
immunoprecipitation followed by high-throughput sequencing (ChIP-seq).
Fungal Genet. Biol. 79, 63–70.
Steinberg, G., 2015. Cell biology of Zymoseptoria tritici: Pathogen cell organization
and wheat infection. Fungal Genet. Biol. 79, 17–23.
Testa, A., Oliver, R., Hane, J., 2015. Overview of genomic and bioinformatic resources
for Zymoseptoria tritici. Fungal Genet. Biol. 79, 13–16.
Torriani, S,. Melichar, J., Mills, C., Pain, N., Sierotzki, H., Courbot, M., 2015.
Zymoseptoria tritici: A major threat to wheat production, integrated
approaches to control. Fungal Genet. Biol. 79, 8–12.
Vallet, A.S., McDonald, M.C., Solomon, P.S., McDonald, B.A., 2015. Is Zymoseptoria
tritici a hemibiotroph? Fungal Genet. Biol. 79, 29–32
